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Abstract
Flood tolerance in soybean (Glycine max) is not a well-characterized trait, yet flooding damage
is second only to drought stress in terms of yield reduction. The objectives of this study were to
determine genetic variation for flooding tolerance in two populations of soybean recombinant
inbred lines (RILs) and to identify and confirm flood tolerant QTL. Population A (WHA)
consisted of 111 RILs derived from the cross 5002T by 91210-350 and Population B (WHB)
consisted of 79 RILs from the cross RA-452 by Osage. Experiments were conducted at the Rice
Research and Extension Center (RREC) near Stuttgart, AR in 2015 and 2016. Flood damage
score (FDS) was rated at three, six, and nine days after the flooding treatment was drained. In
addition to FDS, plant population was measured before and after the flooding treatment to
calculate the percentage of surviving plants (PS). In 2015, Chlorophyll content was measured
using a SPAD meter and normalized difference vegetative index (NDVI) was calculated in 2016.
Both RIL populations and parents were genotyped using the SoySNP 6k beadchip with 908 and
1,466 polymorphic markers detected in WHA and WHB, respectively. Twenty nine QTL were
identified, five of which validate prior studies involving soybean flood tolerance. Logarithm of
Odds (LOD) values from ranged from 3.03 to 6.56 with R squared values ranging from 0.09 0.29. A QTL was identified on chromosome 7 that was stable across both WHA and WHB. In
population WHA, this QTL was associated with both AUFPC and FDS and explained 9-10% of
phenotypic variance. In population WHB, this QTL was associated with PS and explained 15%
of phenotypic variance. The results of this study will aid in future development of flood-tolerant
soybean germplasm and cultivars by validating previously reported QTL and demonstrating the
usefulness of instruments in evaluating flood-tolerance.
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Introduction
Endemic to China and Japan, soybean is one of the most valuable and important crops.
Production across the world has increased dramatically over the last 40 years, with an increase
from 30 million tons in 1970 to 265 million tons in 2010 (FAO, 2012). Soybeans are used as feed
for humans, livestock, and aquaculture, and as an oilseed crop for biofuel production. From 1961
to 2007, worldwide soybean production increased at a mean rate of 4.6% year-1. Five countries
produce 92% of the world’s soy, including United States, Brazil, Argentina, China, and India.
Soybean has become a major crop since its introduction in 1765 in the United States (Hymowitz
and Harlan 1983), with 33.8 million hectares planted and a value of $40.94 billion in 2016 and
China serving as the largest importer of United States grown soybeans (SoyStats, 2016). The
United States is projected to harvest 35.2 million hectares in 2030 (Masuda et al., 2009).
In terms of monetary losses, the USDA reported from 1951 to 1998 that mean annual
losses due to flooding were 3%, or around $3 billion per year (USDA National Agricultural
Statistics, 2009). Additionally, climate change is predicted to exacerbate extreme weather
patterns. The National and Aeronautic Space Administration has created several crop models and
estimated flooding losses will be $3 billion per year by the year 2030 (Rosenzweig et al., 2002).
Soybean is a major crop in Arkansas with approximately 1.3 million hectares planted in 2013.
The mean planting date in Arkansas is June 1st; the state’s mean harvest date is October 16th
(Ross et al., 2014). Flooding stress can occur at any point during the growing season, and
depending on the growth stage when it occurs, the flooding can have a drastic reduction in yield
and seed quality. Soybean grown under flooding duress may be grown in hypoxic (oxygen levels
below optimal) and anoxic conditions (complete lack of oxygen), both of which prevent
optimum growth. Flooding can cause farmers to replant, causing a reduction in yield, or
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occasionally, a complete loss of crop. In Arkansas, rice and soybean are often grown in rotation,
which can subject soybean to a high flood risk due to the watering method used for rice. Heavy
clays can further exacerbate the problem, and waterlogged fields are more likely to fester
infestations of fungal diseases such as Phytophthora sojae.
Compared to other traits in soybean (Glycine max) such as protein content or low-phytate
lines, flooding tolerance is somewhat understudied in terms of the genetic control. Several of the
studied areas involving soybean flooding include disease resistance to root rot (especially
Phytophthora), proteomic studies, physiological responses, and yield loss. However, there are
few publications focusing on a genetic basis of soybean flooding tolerance. The process of plant
breeding and variety development is arduous, but there are methods to increase efficiency and
shorten time from crossing to variety release. Molecular markers are one of the most useful tools
a plant breeder can utilize. They allow researchers to pinpoint which plants carry a trait of
interest and remove plants that lack the trait by running a simple tissue test, thereby increasing
the efficiency of a breeding program. The ultimate goal of this experiment is to locate molecular
markers for soybean flood tolerance by confirming previously found QTL or identifying new
QTL. Also, if homologous traits are defined, flooding tolerance could be screened in other crop
species using a BLAST (Basic Local Alignment Search Tool) search on the National Center for
Biotechnology Information web site.
Soybean genetic diversity
The domesticated soybean was developed by cultivation of the wild soybean, Glycine soja,
nearly 5,000 years ago (Carter et al., 2004). Gizlice et al. (1994) reported that just six ancestors:
Ottawa, CNS, Richland, S-100, and Lincoln’s unknown parentage accounted for over 50% of the
genetic base for public breeding varieties by computing coefficient of parentage. Hyten et al.
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(2006) reported that there have been three major bottlenecks in soybean cultivation in North
America: domestication in Asia to produce landraces, selection of landraces to North America,
and selective breeding for several decades. Also, modern North American cultivars have kept
72% of the sequence diversity in Asian landraces, yet 79% of rare alleles (frequency <0.10) were
not present. Flood tolerant genes will most likely be found in China and other parts of Asia,
where soybean and rice are often rotated and grown in paddy fields (Table 1). Similarly, China is
the center of origin for soybean and likely contains the most genetic diversity. In Japan, China,
and the surrounding countries, soybean is often grown in rotation with rice paddy fields, adding
more selection pressure (VanToai and Nurjani 1996). VanToai et al. (2010) screened 21
genotypes consisting of landraces and PIs from Asia and Australia in both field and greenhouse
conditions. Three genotypes exhibited tolerance in field and greenhouse flooding for two weeks:
Nam Vang, VND2, and ATF15-1. When compared to wild soybean, landraces and elite North
American cultivars shared 57% of synonymous SNPs in a population of 106 diverse worldwide
soybean genomes. In other words, 43% of SNPs were unique among wild soybean and a
potential source of unique alleles for breeding purposes (Valliyodan et al., 2016).
Yield Losses
Yield losses due to flooding vary by growth stage, flooding duration, location, and many
environmental factors. When subjected to waterlogging stress, soybean flooded for 1-2 days did
not experience a yield reduction (Heatherly and Pringle 1991). Plants flooded at the R5 stage had
a yield reduction of 20-39% in contrast to non-flooded checks (Rhine et al., 2010). Similarly,
Sullivan et al., reported a 20% yield loss when soybean plots were flooded for three days at V2
and V3 growth stages (2001). Soybean were subjected to flooding stress for two weeks at the R2
growth stage in Vietnam, with yield losses recorded at 52.5% for greenhouse and 62.2% for field
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experiments (VanToai et al., 2010). Oosterhuis (1990) reported yield losses of 17-43% for the
vegetative stage and 50-56% for the reproductive growth stage. Flooding decreases canopy
height, dry matter accumulation, and seed yield. Regression analysis was used to determine the
daily percent yield reduction of flooded soybean at the University of Arkansas Rice Research
and Extension Center (RREC) in Stuttgart, AR. Daily yield reductions were calculated at 1.6% at
V4 and 3.6% at R2 (Scott et al., 1989). In fact, flooding damage is second only to drought
damage in terms abiotic stress factors and affects 16% of worldwide production (Boyer, 1982).
Three days of flooding stress applied at R1 reduced yield of flood tolerant genotypes by 45.959.9% versus flood sensitive lines by 65.8-76.6% (Wu et al., 2017b). Cornelious (2004) reported
a reduction of 32-49% in yield of flood-tolerant cultivars under flooding but flood-intolerant
varieties were reduced 64-71%. The paramount cause of yield reduction due to flooding stress is
due to depression of nitrogen fixation by root nodules (Maekawa et al., 2011).
Method of watering can also affect the final yield of the crop; varieties grown in
constantly wet soil showed a 40% reduction in total yield versus furrow-irrigated plots (Purcell et
al., 1997). Furthermore, Shannon et al. (2005) reported that all cultivars flooded at R1 stage
suffered from yield loss, but the most flood tolerant varieties lost 39% yield versus 77% for the
most flood sensitive varieties, suggesting that some differences in yield can be attributed to
genetics.
Formation of aerenchyma, a specialized root tissue, can alleviate wilting by allowing
oxygen to diffuse from the shoot to hypoxic and/or anoxic roots (Sairam et al., 2008).
Bacanamwo and Purcell (1999b) blocked aerenchyma formation with silver and showed the
aerenchyma to be present in only flooded test plots, suggesting that soybean can adapt to flooded
conditions. Furthermore, aerenchyma development allows the soybean to acclimate to flooding
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conditions by allowing gas exchange between roots and shoots (Bacanamwo and Purcell, 1999b).
In contrast, rice develops aerenchyma in both flooded and non-flooded plants (Webb and
Jackson, 1986). Cortical aerenchyma, otherwise known as primary aerenchyma is present in rice
(Oryza sativa), barley (Hordeum vulgare), corn (Zea mays), and wheat (Triticum aestivum). The
second type of aerenchyma forms in certain legumes as a response to prolonged flooding and is
composed of spongy tissue filled with hollow gas spaces (Yamauchi et al., 2013). Shimamura et
al. (2003) reported finding secondary aerenchyma in the basal section of the tap root,
adventitious roots, and root nodules of soybean under flooded conditions.
Effects of Flooding
Flooding stops nodulation (Sallam and Scott, 1987) and slows nitrogenase activity in roots due to
the lack of oxygen (Sprent 1969; Minchin and Pate, 1975). Atmospheric nitrogen fixation
requires a large amount of oxygen, which lowers nitrogen uptake when little or no oxygen is
available. Lack of oxygen restricts synthesis of adenosine triphosphate (ATP) which has major
consequences in plant growth and development. ATP is a molecule that when converted to ADP
(adenosine diphosphate) releases energy and enables metabolic processes in living organisms.
When ATP synthesis is stopped in the roots and respiration is slowed, wilting occurs. An
absence of oxygen causes the phosphorylation to change from oxidative to soil-only, resulting in
glycolysis and fermentation.
Oxygen and Carbon Dioxide
As oxygen concentration decreases under flooding stress, the CO₂ concentration increases (Boru
et al., 2003; Araki, 2006). In fact, Boru et al. (2003) suggested that carbon dioxide toxicity is far
more damaging than low oxygen and that high levels of carbon dioxide result in chlorosis,
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reduce root growth, and ultimately death. Araki (2005) reported that waterlogged soybean have
higher than normal carbon dioxide concentration in the soil, which led to closing of stomata and
decreased water uptake.
Flooding before emergence can be especially damaging to yield and stand. Wu et al.
(2017a) reported that just six hours of flood stress pre-emergence resulted in germination rates
reduced by 10.1% and 24 hours of flooding stress resulted in 50% of the plants germinating.
After two days, less than 10% of seed germinated whether seed were coated in fungicide or not.
Partial to complete submergence greatly reduces the gas exchange between plants and the
environment. Paramount to slowing of growth and development is the decreased ability of the
plant to process nitrogen under hypoxic and anoxic conditions. Nutrient concentrations of
soybean were quantified under flooded conditions, and three major findings were reported:
flooded plants exhibited typical symptoms of nitrogen deficiency, other mineral concentrations
were either inconsistent or not large enough to become deficient, and that plant deficiency
symptoms were typical only with nitrogen (Board, 2008). Two supernodulating soybean
varieties, SS2-2 and Sakukei 4, were compared to two wild type varieties, Sinpaldalkong 2 and
Enrei. All varieties were grown in a greenhouse and flooded at R1 growth stage for 15 days, with
water 3-4 cm above the top of the substrate surface. Shoot dry weight was reduced by 33-39% in
the two supernodulating cultivars versus the two wild cultivars, which were reduced by 25-26%.
Thirty days after the waterlogging treatment, dry weight was reduced as follows: 75-77% in SS22 and Sakukei 4, and 65-59% in Sinpaldalkong 2 and Enrei (Youn et al., 2008). Under hypoxic
conditions, nitrate was traced and shown to be absorbed through the roots and transported to
other parts of the plant using 15 N in both nodulated and non-nodulated soybean (Lanza et al.,
2014).
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Types of flooding
Depending on the height of the water in relation to the soybean, there are three types of flooding
categories: waterlogged, partial submergence, and complete submergence. In complete
submergence, the entire plant is covered (roots and shoots). With partial submergence, the soil is
saturated and a section of the shoots are completely submerged. Lastly, waterlogging indicates
that just the soil pores are saturated (Ahmed et al., 2013; Striker, 2012). Soybean is especially
sensitive to flooding during germination; Wuebker et al. (2001) reported seed injury after just
one hour of flooding. Wu et al. (2017a) noted that a 48 hour flood reduced germination by 90%
and that 6 hours of flooding reduced germination 12.8%.
Fertilization with nitrogen can somewhat negate the detrimental effects of prolonged
flooding (Bacanamwo and Purcell, 1999a; Shimamura et al., 2006). In researching the alleviation
of waterlogging stress, Thomas and Sodek (2005) tested four different formulations of nitrogen
fertilizer: nitrate, ammonium, ammonium nitrate, and no nitrogen. Soybean plants were flooded
in a greenhouse for 21 days beginning at V6 growth stage, and nitrate was the most helpful
formulation in terms of plant height and leaf area. In addition to the reduction of nitrogen
associated with flooding, several elements, notably P, Ca, Mg, B, Fe, Cu, and Al, accumulated in
leaves following flooding (Sullivan et al., 2001).
Transcription Factors and Proteomics
Transcription factors (TF) are thought to also play a role in flooding tolerance by regulating and
controlling gene expression. Two varieties, PI408105A and S99-2281, were chosen for analysis
of root-related TF due to previous research, which demonstrated an 81.2% yield reduction after
five days of flooding with S99-2281 versus 32.1% reduction in PI408105A (Shannon et al.,
2005). Flooding stress was applied at V1 growth stage in a greenhouse. PI408105A expressed
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enhanced expression of genes involving the ethylene biosynthesis pathway and root formation.
During all four sampling times of 1, 3, 7, and 10 days after flooding, specific TF were expressed
differently among the two varieties: MYB domain TF, one leucine zipper TF, and the GLB1
hemoglobin gene (Valliyodan et al., 2014). Following flooding of soybean seedlings, several
ethylene biosynthesis and signaling-related genes were upregulated: ACC oxidase, ERF-like
protein, and the transcription factor AP2-EREBP. Within the cellular response to flooding, genes
related to the following functions were identified using high-coverage gene profiling analysis:
alcohol fermentation, ethylene biosynthesis, pathogen defense, and cell wall loosening (Komatsu
et al., 2009). Alcohol dehydrogenase (ADH) is also thought to be important to plants under
anoxic conditions due to the fact that it reuses NAD⁺ needed for glycolysis in lack of oxygen
(Jacobs et al., 1988). In contrast, Rizal and Karki (2011) noted an inverse relationship between
ADH and flooding tolerance in a population of 96 recombinant inbred lines. The tolerant
cultivar, Peking, showed lower ADH activity than the susceptible cultivar Tamahomare.
Root morphology during flooding
While most flooding studies have focused on the aboveground growth, the roots have often been
ignored in screening for flooding tolerance. Soybean lines were grown in a soilless medium and
watered using capillary action in both flooded and non-flooded conditions. Flood-tolerant lines
had similar root growth in flooded and non-flooded conditions after one week of flooding. Three
parameters were measured in order to quantify tolerance: total root length, root surface area, and
mean root diameter (Sakazono et al., 2014). RILs were constructed of Isudaizu, a flood-tolerant
landrace, and Tachinagaha, an intolerant cultivar. Eleven QTL were reported that are associated
with root development under hypoxic conditions found on chromosomes 7, 11, 12, 13, and 14
(Nguyen et al., 2017). Suematsu et al. (2017) studied root development of accessions under
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hypoxia in vermiculite. Three Japanese landraces were tolerant: Kokubu 7, Maetsue zairai 90B,
and Yahagi. Root development in vermiculite was closely correlated to root growth in soil. Roots
were scanned after flooding treatment and compared to a non-flooded control.
Flooding and Root Rot Diseases
Kirkpatrick et al. (2006) reported presence of Pythium spp., Fusarium spp., Rhizoctonia solani,
Macrophomina phaseolina, and Gaeumannomyces graminis in soybeans post-flood. However,
Pythium was the only disease to have an isolation frequency increased with flooding. Of Pythium
isolates from the soybean, 47% were moderate or highly virulent. Also, the temperature that
Pythium were most pathogenic differed by species. Pythium aphanidermatum was most
pathogenic once temperatures rose above 25° C, while below 12° C, seed rot caused by Pythium
macrosporum and Pythium sylvaticum decreased dramatically (Wei et al., 2010). Higher
temperatures increase the respiration rate, causing the remaining oxygen level to decrease
quickly. Wu et al. (2017a) reported that after two days of flooding, germination rates were lower
than 10% in both seed treated with Apron Maxx RTA fungicide (Syngenta Crop Protection Inc.)
and untreated seed under flooding stress. Also, the fungicide treatment of Apron Maxx did not
significantly increase germination rates when applied as a seed treatment when flooded before
germination. However, in a non-flooded control, Apron Maxx significantly increased
germination rates compared to seed that was uncoated. The presence of soil-borne pathogens
have been shown to decrease soybean germination rates and stand counts (Heatherly, 2015;
Schulz and Thelen, 2008).
Previous Soybean Flooding Tolerance QTL
Numerous experiments have characterized genetic sources of flood tolerance in soybean. The
portion of phenotypic variance due to genotype varies by previously reported QTL and ranges
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from 0.06 - 0.49 (Table 2). Several quantitative trait loci (QTL) have been identified in
Arkansas: near Satt160, Satt269, Satt252, and Satt485. QTL are regions on the genome that are
associated with a specific phenotype; quantitative traits are controlled by many genes versus
qualitative traits which are controlled by few. However, these are likely linked to Phytophthora
resistance (Cornelious et al., 2005). Two F6:11 populations, A5403 x Archer, and P9641 x
Archer were used in a QTL identification experiment. Lines A5403 and P9641 were chosen
because they were elite lines in the southern region of the United States. Archer was chosen as
the flood-tolerant parent and is more adapted in the northern regions of the USA. (Archer is in
the pedigree of 91210-350, a parent in population WHA). Soybean plots were flooded at R2, or
full-flowering stage. Plants were flooded 7-12 cm deep for 10-14 days, and damage was rated on
a 0-9 scale (0= no damage, 9= 90% of plants dead). Five markers were significant across both
populations: Satt599 on linkage group A1, Satt160, Satt269, and Satt252 on linkage group F, and
Satt485 on linkage group N. A QTL discovered near Satt385 in population 1 was responsible for
10% of phenotypic variation, while another QTL near Satt269 in population 2 was responsible
for 16% of phenotypic variation. Both the alleles came from the parent Archer. No association
was found between marker Sat_064 and waterlogging tolerance (Cornelious et al., 2003).
In Japan, a QTL near Satt100 was found to be reproducible throughout several years for
flooding tolerance in a F9 RIL of Moshidou Gong 503 crossed with Misuzudaizu developed by
single seed descent. Moshidou Gong 503 is a small seeded, indeterminate forage variety with a
brown seedcoat and is flooding tolerant. Mitsuzudaiza, on the other hand, is yellow seeded,
determinate, and flooding-sensitive. The study was conducted in a greenhouse, and half of the
soybean were waterlogged for three weeks at the two leaf stage, with water 5 cm over the top of
the pots. Flooding tolerance was quantified by dividing seed weight of the flooded plants versus
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the non-flooded control plants, and after three weeks of flooding all the plants were taken out of
the water and allowed to grow to maturity (Githiri et al., 2006).
One hundred and twenty-two F9 RILs were evaluated in Ohio, composed of two
populations (Archer x Minsoy, and Archer x Noir 1). The experimental plots were flooded at 510 cm above the soil surface for two weeks when at least 50% of the RILs had reached the R1
soybean growth stage. Flooding tolerance was measured using two methods: seed yield per plot
and plant growth measures taken before and after the flooding treatment. Yield for the flooded
plots was greatly reduced compared to the non-flooded checks, and yield was affected more than
plant height. Flooding for two weeks reduced the yield of Archer by 69%, Minsoy by 79%, and
Noir 1 by 84%. A marker, Archer Sat_064 allele was significant for both years of the experiment
(VanToai et al., 2001).
Reyna et al. (2003) evaluated the accuracy of Archer Sat_064 in Arkansas in order to
evaluate how much climate would affect the marker. Seven NILs (near isogenic lines) were
produced from two populations, A5403’ x Archer’ and 9641’ x Archer’. A 0-9 scale, identical to
Cornelious (2003) was used in scoring for flooding damage. Plots were flooded at the R2 growth
stage and subjected to a flooding treatment 70-120 mm above the soil surface for 10-14 days.
Damage score was recorded 7, 14, and 21 days after removal of the flooding treatment. Field
experiments were carried out in Stuttgart, AR at the Arkansas Rice and Research Center as well
as Portageville, MO at the University of Missouri Research Center. The experimental design
consisted of a split plot design with water treatment as the whole plot effect and NIL set as the
subplot. Archer Sat_064 allele on molecular linkage group G (chromosome 18) was found to be
linked to increased height and yield in soybean (VanToai et al., 2001) but the presence of the
marker had no effect on yield or height when reproduced in Arkansas by Reyna et al. (2003).
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Twenty-four QTL associated with soybean seed flood tolerance were discovered in Japan using
SSR (simple sequence repeat) markers. Ninety-six F6 RILs were developed from a cross of
Peking, a very flood-tolerant line with a black seed coat, and Tamahomare, an elite yellowseeded variety commonly used in Japan. RILs were evaluated by soaking the seed in 50 mL of
distilled water for 24 and 48 hours and then measuring the germination rate of the treated lines
versus the non-treated lines. Other measurements recorded include: percentage of seedlings with
a damaged radicle, percentage of seedlings with damaged cotyledons, electrical conductivity of
steep water after treatment, and 100 seed weight. The QTL were further grouped into four
groups: Sft1, Sft2, Sft3, and Sft4 located on chromosomes 12 and 8. Sft2 had an effect on all
traits measured and is located near the I locus on LG_A2 which controls seed pigment, and
suggests that non-yellow seeded varieties are less flood tolerant than pigmented varieties
(Sayama et al., 2009). Thus, reliable markers that would perform well across different growth
stages and environments are difficult to identify.
Rizal and Karki (2011) identified five QTL associated with alcohol dehydrogenase
activity in soybeans under flooding stress using a biparental population of Peking and Tomahare.
They explained between 10.3-34.9% of phenotypic variance. Alcohol dehydrogenase is
important in flood tolerance as it recycles NAD+, enabling glycolysis in anoxic conditions.
Recently, a major QTL associated with root system architecture was reported on chromosome 3
of Glycine max, qWT_Gm03. The QTL explained 16.9-33.1% of phenotypic variance and was
stable across three site years. Fine mapping narrowed the candidate region to an area near
candidate gene Rps1 that confers resistance to Phytophthora sojae, but was a different gene that
is involved in auxin pathways. An auxin inhibitor was applied to NILs polymorphic at
qWT_Gm03 to test the theory that auxins play a role in soybean flood tolerance through root
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growth under flooded conditions. With the auxin inhibitor, all NILs were highly damaged. A
control without the inhibitor showed high levels of flood tolerance. A minor QTL on
chromosome 10 was also discovered, explaining 8-15% of phenotypic variance (Ye et al., 2017).
Flooding Tolerance in other Crops
Genes for waterlogging tolerance have been discovered in barley and corn. QTL for
waterlogging resistance in barley is not researched very thoroughly; however, a QTL linked to
chromosome 1 in corn was found on chromosome 4H in barley. A total of 20 QTL were
identified in barley using two double haploid populations (Li et al., 2008). Wild groundnut
(Glycine soja), closely related to soybean, has been shown to exhibit flood damage but has a
lower level of damage at the flowering stage when compared to soybean. Also, flooded Glycine
soja lines had a smaller reduction in chlorophyll content when compared to flooded soybean
lines (Miura et al., 2012). Teosinte, an ancient progenitor of corn, was introgressed into corn and
found to be effective in one inbred line at increasing flooding tolerance indicating a possible
QTL on chromosome 4 (Mano and Omori 2013). Gene Wt1 was reported to be associated with
waterlogging tolerance in wheat when chlorosis was used to identify tolerance (Boru et al.,
2001).
Rice (Oryza sativa) cultivar FR13A is extremely tolerant to excess water and can tolerate
two weeks of complete submergence. Jackson and Ram (2003) reported a QTL on chromosome
9 that accounted for 69% of phenotypic variance in a rice that was fully submerged and the
contributing germplasm was FR13A. Within a biparental population of FR13A’ and M-202’ (an
intolerant japonica species) a gene conferring flood tolerance was discovered close to the
centromere on chromosome 9, Sub1A (Xu et al., 2006). They also further proved the validity of
the Sub1A gene by backcrossing FR13A with Swarna, an intolerant variety and resulted in
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tolerant progeny. In fact, Sub1A have successfully been introduced into several high-yielding
varieties using MAS (marker assisted selection). A popular Indian rice cultivar, Samba MahsuriSub1, was developed by IRRI with two generations of backcrossing and one generation of selfpollination. Another cultivar, Swarna Sub1, demonstrated at least a twofold yield advantage
over Swarna (parent lacking Sub1) after being submerged for 10 days during a vegetative growth
stage. A total of six major regional varieties were introgressed with Sub1A gene and had a much
higher survival rate when flooded compared to their original parents (Septiningsih et al., 2009).
Snorkel 1 and Snorkel 2 in Rice
While Sub1A causes growth restriction and allows rice to tolerant short-term flooding, Snorkel 1
and 2 confer adaptation to long-term flooding. Rice flooding tolerance is determined by two
strategies: avoiding growth to conserve energy or elongation to rise above the water. Both
Snorkel and Sub1A control ethylene-response factor (ERF) proteins that associated with
gibberellin synthesis or suppression (Nagai et al., 2010). Within twenty-four hours, ethylene
concentration increased 25 fold under flooding. Fukao and Bailey-Serres (2008) suggested that
Sub1A limits internode elongation via accumulation of GA (gibberellic acid) repressors SLR1
(slender rice-1) and SLRL1 (slender rice Like-1). This accumulation of ethylene induces Snorkel
1 and Snorkel 2, two genes that increase internode length and allow the rice to rise above the
water. With positional cloning, the genes were discovered on chromosome 12. The ethylene
inhibitor 1-methylcyclopropene (1-MCP) caused flooded plants to not elongate internodes
(Hattori et al., 2009). Elongation of 20-25 cm per day has been reported in deepwater rice with
both Snorkel genes (Nagai et al., 2010).
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Evaluating Flood Tolerance
Differences in soybean plant photosynthesis (Cho et al., 2006), nitrogen fixation (VanToia et al.,
1994; Shimamura et al., 2003; Henshaw et al., 2007a), root growth (Sakazono et al., 2014;
Nguyen et al., 2015), and yield (Linkemer et al., 1998; Oosterhuis et al., 1990) have all been
used to evaluate flood tolerance.
SPAD (soil plant analysis development) is a handheld tool used to measure chlorophyll
content by quantifying red and infrared light in plant tissue. Flooding negatively affects
chlorophyll content and causes chlorosis in the leaves within just a few days. Dwyer et al. (1995)
reported that chlorophyll meter readings were closely correlated with leaf N content, with R
squared values over 0.77. Similarly, Uddling et al. (2007) reported that SPAD values were highly
correlated to chlorophyll content in wheat, with an R squared value of 0.9. SPAD values were
reduced by a mean of 35.6% and 30.8% at V5 and R1, respectively when compared to a nonflooded control of the same varieties (Wu et al., 2017b). Likewise, soybean leaf greenness
decreased by 26-53% after being flooded for 21 days (Bacanamwo and Purcell 1999b). Mokua
et al. (2015) reported that SPAD values were reduced by 20.7% and 31.5% when flooded for 3
and 15 days, respectively. A greenhouse experiment in which soybean were flooded 3cm over
the soil surface for 10 days resulted in reduction of chlorophyll a content of 16% - 26%.
Chlorophyll b content was not affected by flooding compared to a non-flooded control (Nguyen
et al., 2015). Waterlogging stress is linked to nitrogen deficiency, which is linked to chlorosis.
In fact, chlorosis and nitrogen content have been utilized in wheat to identify tolerant wheat
varieties by creating an area under chlorosis progress curve (Boru et al., 2001).

16

NDVI (Normalized Difference Vegetative Index) is a ratio of how much visible and nearinfrared light are reflected by plant leaves. In other words, NDVI is a type of SRI (spectral
reflectance indices) that monitors plant health by quantifying wavelengths of light with a spectral
radiometer and traits associated with it. Photosynthetically active radiation (PAR) is in the 400700 nm range and the near infrared (NIR) is in the 700-1200 nm range. Full, healthy canopies
absorb most of the red light while the near infrared light is reflected off of the canopy (Lukina et
al., 1999). The equation to calculate NDVI is NIR-Red/NIR+Red, with red being (visible) light
and NIR denoting Near Infrared Reflectance. Biomass and nitrogen status are the two main
factors affecting NDVI (Stone et al., 1996). Mason et al. (2017) reported that NDVI was low to
moderately correlated with yield and biomass in low-yielding site years, dependent on particular
growth stage.
Shannon et al. (2005) in Missouri developed a method of evaluating flood tolerance using
hill plots. Approximately ten seed are planted in one “hill,” and each hill was planted two feet
apart. A scale of 1-5 was used with 1 being the least severe damage and 5 being completely dead.
Plots were scored two weeks post drainage and no stand count was taken for PSR. The hill
method has the advantage of taking up little space in the field and providing a simpler
environment for taking field notes.
The University of Arkansas has conducted flooding tests for seven years and use a row
plot method to evaluate flooding tolerance. One hundred seed are planted in a three-meter row
and partially submerged at a depth of 10-16 cm for approximately seven days or longer,
depending on visible damage to the plants. Along with a 1-9 damage scale, plant survival rate
(ratio of plants alive before vs. after flooding) was recorded (Wu et al., 2017b). A total of 40
soybean genotypes were flooded at the V5 and R1 stage for 3, 6, 9, 12, and 15 days in order to
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find an optimum combination for evaluating cultivars for flood tolerance. With the three-day
application of flooding stress, nearly all the genotypes recovered and did not show obvious signs
of distress. In comparison, the 12 and 15 day flooding duration showed heavy symptoms of
damage in nearly all genotypes. The combination showing the widest distribution of damage and
likely the best for evaluating flood tolerance was V5 for 9 days or R1 for 6 days. PSR and FDS
were highly correlated with crop yield at 0.95.
Field vs. Greenhouse Evaluations
Pearson’s correlation coefficients were calculated at r = 0.54 and r = 0.74 between two
greenhouse experiments and one field experiment in Vietnam. All three experiments were
flooded for two weeks at the R2 growth stage. Reported survival rates survival rates after two
weeks of flooding ranged between 51.8 %-69.1 % in a greenhouse experiment and 58.9 % in a
field test. Furthermore, Pearson’s correlation coefficient was calculated to r = 0.96 between plant
survival rate and yield in a greenhouse experiment and r = 0.78 in a field experiment was
calculated between survival and yield (VanToai et al., 2010). Carlin (2014) reported a Pearson’s
correlation coefficient of 0.926 between field ratings and greenhouse ratings when additional
carbon dioxide was pumped into waterlogged topsoil.
Objectives
The objectives of this study were to: 1) determine genetic variation for flooding tolerance in two
populations of soybean recombinant inbred lines (RILs) and, 2) identify and confirm flooding
tolerance QTL. For Objective 1, SPAD (Soil Plant Analysis Development) foliar damage score
(FDS), normalized difference vegetative index (NDVI), and plant survival rate (PS) have been
measured in two RIL populations subjected to field waterlogging stress. For Objective 2, whole
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genome DNA was extracted and evaluated for molecular markers. Quantitative trait loci will be
identified and compared to previous reports.
Hypotheses
It has been hypothesized that flooding tolerance is a quantitative trait and therefore the two
populations will have a normal distribution of phenotypic traits and QTL that influence flooding
tolerance. It is likely that the environment will have a significant effect on tolerance, and as a
result, the two years of data will be significantly different, but that stable QTL for flooding
tolerance will be identified.
Conclusion
The ultimate goal of this project is to develop molecular markers for flood tolerance, as flood
screening is laborious and expensive to phenotype. Flood tolerance is an economically important
trait for Arkansas. Losses in terms of yield during the reproductive stage can be as large as 56%
(Oosterhuis et al., 1990). Farmers can lose a substantial portion of their soybean crop,
particularly in a low or poorly drained portion of their farm. Finding a reliable molecular marker
will greatly assist breeders in identifying flood-tolerant parent material. Instead of having to
replant, take crop insurance, or settle for lower yields and lower quality beans, which renders a
lower price, a flood-tolerant variety could alleviate detrimental effects of flooding and provide
another tool for farmers and breeders.
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Tables and Figures Chapter 1
Table 1. List of published flood tolerant soybean.
Maturity
Germplasm
Origin
Group
Edison
MG III
USA
GR 8836
MG III
USA
CX 415
MG IV
USA
Archer
MG II
USA
Misuzudaizu
Japan
Kefeng No. 1
China
Peking
China
Nam Vang
74-83 days Cambodia
VND2
76-83 days
China
ATF15-1
79-88 days
Australia
PI 408105A
MG IV
Korea
PI 574476A
MG IV
China
91210-350
MG V
USA
91210-316
MG V
USA
Iyodaizu
Japan
Kokubu 7
Japan
Maetsuezairai 90B
Japan
Yahagi
Japan
UA 5615C
MG V
USA
R10-4892
USA
R13-12552
USA
R07-6669
USA
Walters
MG V
USA
R04-342
USA
S11-25108
USA
S12-1362
USA
S11-25615
USA

26

Reference
VanToai et al. 1994
VanToai et al. 1994
VanToai et al. 1994
VanToai et al. 2001
Githiri et al. 2006
Wang et al. 2008
Sayama et al. 2009
VanToai et al. 2010
VanToai et al. 2010
VanToai et al. 2010
Shannon et al. 2005
Shannon et al. 2009
Henshaw et al. 2007
Henshaw et al. 2007
Nguyen et al, 2016
Suematsu et al. 2017
Suematsu et al. 2017
Suematsu et al. 2017
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b
Wu et al. 2017b

Table 2. List of QTL associated with flooding tolerance in soybean.
Donor
QTLa
Ch
Nearest marker b
R² c
parent
Chr.3
Archer
3
Satt485
–
Chr.5
Archer
5
Satt385
0.1
Chr.13
Archer
13
Satt160/252/269
0.16
Chr.18
Archer
18
Sat_064
–
ft1
ft2
ft3
ft4
ft5
ft6
ft7
sub-1
sub-3
sub-5
Sft 1
Sft 2
Sft 3
Sft 4
qAas1
qAas2
qAas3
qAas4
qAas5
FTS-11
FTS-13
Qhti-14-1
Qhti-12-1
Qhti-14-2
Qhti-12-2
Qhti-14-3
Qhti-4

Misuzudaizu
Misuzudaizu
Misuzudaizu
Misuzudaizu
Misuzudaizu
Misuzudaizu
Misuzudaizu
Kefeng No. 1
Kefeng No. 1
Kefeng No. 1
Peking
Peking
Peking
Peking
Peking
Peking
Peking
Peking
Peking
PI 408105A
PI 408105A
Tachinagaha
Tachinagaha
Tachinagaha
Tachinagaha
Tachinagaha
Tachinagaha

6
2
19
11
14
7
10
1
5
18
12
8
4
2
1
19
13
9
8
11
13
14
12
14
12
14
4

Qhti-9

Tachinagaha

9

Qrl-14

Tachinagaha

14

Reference

Cornelious et al. (2005)
Cornelious et al. (2005)
Cornelious et al. (2005)
VanToai et al. (2001)
Cornelious et al. (2005)
Satt100
0.49
Githiri et al. (2006)
Satt282
0.07
Githiri et al. (2006)
A489
0.1
Githiri et al. (2006)
A520
0.11
Githiri et al. (2006)
A685b
0.1
Githiri et al. (2006)
A715
0.07
Githiri et al. (2006)
Satt477
0.07
Githiri et al. (2006)
Satt531
0.08
Fang et al. (2008)
Satt648
0.06
Fang et al. (2008)
Satt038
0.06
Fang et al. (2008)
Sat_175
–
Sayama et al. (2009)
Satt187
–
Sayama et al. (2009)
Satt338
–
Sayama et al. (2009)
Sat_279
–
Sayama et al. (2009)
Satt184
0.35
Rizal and Karki (2011)
Sat_134
0.27
Rizal and Karki (2011)
Sat_309
0.14
Rizal and Karki (2011)
Satt499
0.1
Rizal and Karki (2011)
Satt377
0.1
Rizal and Karki (2011)
BARC-016279-02316
0.18
Nguyen et al. (2012)
BARC-024569-04982 0.14–0.18
Nguyen et al. (2012)
Sat_177-Sat_342
0.1
Nguyen et al. (2017)
Satt052-Satt302
0.11
Nguyen et al. (2017)
Sat_177-Sat_342
0.18
Nguyen et al. (2017)
Satt052-Satt302
0.18
Nguyen et al. (2017)
Satt126-Satt467
0.11
Nguyen et al. (2017)
AW277661-Satt399
0.1
Nguyen et al. (2017)
GMES16930.12
Nguyen et al. (2017)
CRRS100
Satt342-Satt126
0.23
Nguyen et al. (2017)
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Table 2. List of QTL associated with flooding tolerance in soybean (Cont.)
Donor
QTLa
Ch
Nearest marker b
R² c
Reference
parent
Qrl-12
Tachinagaha 12
Satt052-Satt302
0.19
Nguyen et al. (2017)
Qrld-12
Tachinagaha 12
Satt663-Satt362
0.15
Nguyen et al. (2017)
Qrsa-13
Tachinagaha 13
Satt663-Satt362
0.19
Nguyen et al. (2017)
Qrsad-12
Tachinagaha 12
Satt052-Satt302
0.12
Nguyen et al. (2017)
Qrd-14-1
Tachinagaha 14
Satt342-Satt126
0.15
Nguyen et al. (2017)
Qrd-14-2
Tachinagaha 14
Satt342-Satt126
0.14
Nguyen et al. (2017)
Qrd-12
Tachinagaha 12
Satt469-Satt302
0.22
Nguyen et al. (2017)
Qcard-11
Tachinagaha 11
Sct_026-Sat_364
0.11
Nguyen et al. (2017)
Qcard-14
Tachinagaha 14
Sat_177-Satt126
0.11
Nguyen et al. (2017)
0.17qWT_Gm03
PI 561271
3 Gm03_30872737_A/G
Ye et al. (2017)
0.33
0.08qWT_Gm10
S99-2281
10 Gm10_43107961_A/G
Ye et al. (2017)
0.15
a
Name of QTL in the corresponding reference.
b

Nearest DNA markers of the QTL.

c

Phenotypic variation that can be explained by the QTL
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Chapter II
Identifying Flood-Tolerant QTL in Soybean
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Abstract
Flooding is second to drought in terms of economic impact of an abiotic stress on soybean and
the majority of modern commercial varieties are vulnerable to flooding stress. The goal of this
study was to evaluate the response of two recombinant inbred line (RIL) populations to flooding
stress at the R1 growth stage and identify quantitative trait loci (QTL) associated with flooding
tolerance. The RIL populations were derived from the crosses 5002T by 91210-350 (WHA) and
Osage by RA 452 (WHB). Based on previous reports, Osage and 91210-350 were the tolerant
parents, while 5002T and RA 452 were the susceptible parents. Experiments were conducted at
the Rice Research and Extension Center near Stuttgart, AR during the 2015 and 2016 growing
seasons. The RILs and parents were sown in a randomized complete block design with three
replications. Flooding was applied at the R1 stage at a height of 10-16 cm above the soil
surface. Flood damage score (FDS) was rated at three, six, and nine days after the flooding
treatment was drained on a 0-9 scale. In addition to FDS, plant survival (PS), soil plant analysis
index (SPAD) and normalized difference vegetative index were measured. All traits, with the
exception of PS in WHA and NDVI in WHB, were normally distributed and had significant
genetic variation. Normalized difference vegetative index and SPAD had greater heritability than
the human-measured traits within the single site-year analyses, indicating that traits measured by
an instrument may be better at selecting flood-tolerant RILs. Single site-year heritability of
SPAD ranged from 0.45 – 0.63 and NDVI ranged from 0.05 – 0.25. Composite interval mapping
identified 29 QTL (Logarithm of Odds ≥ 3.0), which explained between 9 and 29 % of the
phenotypic variance. Five QTL were validated from previous studies that showed them to be
associated with flood-injury score, alcohol dehydrogenase content and root growth indices. The
remaining 24 QTL appear to be novel with no previous reports. Overall, the existence of a
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genotype-by-year interaction impacts trait heritability and measurement of flooding tolerance, a
complex trait that is difficult to breed for under field conditions.
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Introduction
Flooding stress is second only to drought in terms of yield loss in soybean (Boyer 1982) and
previous studies show most varieties to be intolerant (Hou and Thseng, 1991; VanToai et al.
2010). Quantitative trait loci (QTL) mapping along with marker-assisted selection (MAS) have
the potential to increase breeding efficiency through identification of important marker-trait
associations and selection of tolerant lines in the absence of phenotypic data. VanToai et al.,
(1994) concluded that there is segregation in soybean genotypes for flood tolerance, but there are
currently no clear consensus on QTL that could be used for MAS. The discovery of robust,
reliable QTL would make MAS more feasible.
Differentiation between tolerant and susceptible genotypes has been conducted through
several methods, including measuring plant photosynthesis (Cho et al., 2006), nitrogen fixation
(VanToia et al., 1994; Shimamura et al., 2003; Henshaw et al., 2007a), root growth (Sakazono et
al., 2014; Nguyen et al., 2015), and yield (Linkemer et al., 1998; Oosterhuis et al., 1990).
However, balancing the length of the flooding treatment and the growth stage at which the
treatment is applied is difficult. Foliar damage is highly correlated with yield and is simple to
measure (Wu et al., 2017b). Cornelious et al. (2004) reported correlations between yield and crop
injury from flooding ranging from r = -0.62 to -0.92. After just three days of flooding, soybean
leaves turn yellow and the plants dramatically reduce chlorophyll content (Wu et al., 2017b).
Adding to the complexity of flood tolerance and genetic mapping for flood tolerance in
particular, previous QTL have not been stable across different environments and site years.
Single nucleotide polymorphism (SNP) markers are preferred over simple sequence repeats
(SSRs) and other types of markers due to advantages such as superior site specificity,
reproducibility, codominance, and the ability to run through high-throughput automation
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(Mamadov et al., 2012). Single nucleotide polymorphisms are also the most abundant type of
marker in eukaryotic genomes (Lander, 1996; Brookes, 1999) and two soybean SNP platforms
have been developed that contain 6K and a 50K markers that allow for rapid genotyping (Song et
al., 2013). Given that flood tolerance in soybean is not a well-characterized trait and the lack of
consensus regarding the important QTL, the objectives of this study were to: 1) determine
genetic variation for flooding tolerance in two populations of soybean recombinant inbred lines
(RILs) and, 2) identify and confirm flooding-tolerance QTL.
Materials and Methods
Germplasm
Two populations were used for this study. Population A (WHA) consisted of 111 RILs derived
from the cross ‘5002T’ by ‘91210-350’, of which 91210-350 was the tolerant parent. The parent
91210-350 was previously identified as a flood-tolerant line by Henshaw et al. (2007a), Carlin
(2014), Reyna et al. (2003), and Cornelious (2005). The parent 5002T was a release from the
University of Tennessee soybean breeding program in 2002 and derived from a cross of
Holladay and Manokin with a RM (relative maturity) of 5.0 and white flowers (Pantalone et al.,
2004). 5002T is resistant to stem canker (Diaporthe phaseolorum), frogeye leaf spot
(Cercospora sojina), and sudden death syndrome (Fusarium virguliforme). However, 5002T is
susceptible to soybean cyst nematode (Heterodera glycines), southern root knot nematode
(Meloidogyne incognita), and soybean mosaic virus (Potyviridae family, potyvirus genus).
Carlin (2014) rated 5002T as a flooding-susceptible line at V5 with a score of 7.6 and
moderately susceptible at 6.6 when flooded at R1 in 2009 in Stuttgart, AR. The breeding line
91210-350 was developed by the soybean breeding program at the University of Arkansas. The
breeding line 91210-350 was reported by Cornelious et al. (2005) and VanToai et al. (1994) as a
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flood tolerant line and has Archer in its pedigree. Archer was identified as a possible flood
tolerant genotype by VanToai et al. (1994). Archer was developed as a Phytophthora-resistant
line from Iowa State in 1990 and has two genes responsible: Rps6 and Rps1k (Cianzo et al.,
1991). Furthermore, Archer was identified as resistant to several Pythium species, including P.
ultimum, P. aphanidermatum, P. irregulare, P vexans, and group HS isolate. Archer was also
significantly more resistant than Hutcheson, a maturity group (MG) V cultivar, which was
previously planted for resistance to Pythium (Bates et al., 2008). Population B (WHB) consisted
of 79 RILs from the cross ‘RA-452’ by ‘Osage’. Osage is a RM 5.6 derived from a cross of
Hartz 5545 and KS 4895 and is the tolerant parent
Osage has white flowers, tawny pubescence, and is resistant to soybean stem canker,
frogeye leaf spot, and sudden death syndrome. Osage is susceptible to root knot nematode and
soybean cyst nematode. Osage was reported as being tolerant to flooding stress by Mokua et al.
(2015) and moderately tolerant by Dr. Pengyin Chen (personal communication). The variety RA
452 was developed by Northrup King Seed (now owned by Syngenta Crop Protection, LLC), and
progeny is not disclosed in private varieties. On a 0-9 scale, Carlin (2014) deemed RA 452
susceptible with a score of 7.3 and Osage to be moderately tolerant with a score of 3.8.
The RILs of both populations were in the F7:8 and F7:9 generations for the 2015 and
2016 growing seasons, respectively. Including the four parents, genomic DNA was extracted
from a total of 186 lines. During the fall of 2014, both populations were sent to a winter nursery
in Costa Rica to enable two generations of inbreeding per calendar year. During the fall of 2015,
single plants were pulled from rows creating a F7:8 population. In addition to being evaluated at
the RREC, both populations were grown in Fayetteville, AR and grown under normal, nonflooded conditions in order to save seed and repeat the following summer. There were 2 and 5
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transgressive segregants in populations WHA and WHB, respectively that were consistently
more tolerant or more susceptible than the parent cultivars in 2015 and 2016 (Tables 9a and
9b).
Experimental Design
The experimental design used in this study was a randomized complete block (RCB) with three
replications. Recombinant inbred lines and their parents were drill seeded in single row plots
measuring 3 m long with a 0.75 m alley between plots at the Rice Research and Extension Center
(RREC) near Stuttgart, AR on a Dewitt silt loam (fine, smectitic, thermic Typic Albaqualf).
Dewitt silt loam soil type is characterized by slow permeability and poor drainage characteristics
(USDA SSD, 2014). The RREC also has a hardpan present in the soil, which reduces water
infiltration rates. If planted in another soil type, the flood duration may need to be prolonged if
the soil is more permeable. Plots were located in the same field both years, field E2. Eight soil
samples were randomly sampled from field E2 at the RREC in 2016 and analyzed at the
University of Missouri in Columbia, MO at the Extension Soil Testing Laboratory (Table 11).
The pH values in the flood test at Stuttgart ranged from 4.4 to 5.1. At this pH level, nutrients
may be unable to be absorbed by soybean roots. Also, levels of zinc and sulfur were abnormally
low and did not register in the soil test. All other elements had adequate concentrations,
although additional nitrogen was recommended if the crop grown was not soybean. Percentage
of organic matter ranged from 1 - 1.4% and cation exchange capacity (CEC) was between 6.0
and 9.4 meq/100g (Table 11). Normal site recommendations for soybean production were
followed until the plants reached R1 and received the flooding treatment.
Optimal flooding duration and growth stage for expression of genetic variation was
previously determined by Wu et al. (2017b) to be 6-9 days at the R1 stage. After planting and
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before emergence, levees were constructed around each block. When 50% of the plants had
begun flowering, flooding treatment was applied with reservoir water. Soybean were partially
submerged to a flooding height of approximately 10-16 cm above the soil surface and maintained
at that height for 11 days in 2015 and 8 days in 2016, with the variation in duration due to
reduced damage in 2015 as a result of cooler temperatures. The average temperature for the 11
day flood duration in 2015 was 77.1 degrees Fahrenheit, versus an average of 84 degrees
Fahrenheit for the 8 day duration in 2016 (Table 12). Rainy, overcast days lessened the amount
of damage per day in 2015 and as a result the plots were kept flooded for a longer duration than
2016.
Trait Measurement
Yield data will not be taken as yield was highly correlated with FDS and PS at r = 0.95 and r =
0.95, respectively (Wu et al. 2017b). Plots were rated for foliar damage score (FDS) at three, six
and nine days post-flood on a scale of 1 to 9, similar to previous studies (Cornelious et al., 2003;
Carlin 2014; Mokua2015 ). For the rating scale, a value of 1 indicated ≤ 10% of the plants
showed damage or death and 9 represented 86%-100% of the plants showed damage or
death. The rating score pertains to the overall damage of the plants in each row, not individual
plants. Overall, the scale ranges for damage were: 1= 0% to 10%; 2=11% to 20%; 3=21% to
30%; 4=31% to 40%; 5=41% to 50%; 6=51% to 60%, 7=61% to 70%; 8=71% to 85%; 9=86% to
100%). The R1 stage is defined as the stage when the soybean plant begins flowering anywhere
on the main stem (Fehr and Caviness., 1971). Area under flood progress curve (AUFPC) was
calculated from FDS scores in order to visualize how the plants responded to flooding stress over
time, expressed as:
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𝑛

𝐴𝑈𝐹𝑃𝐶 = ∑ (

𝑦𝑖 + 𝑦𝑖+1
) (𝑡𝑖+1 − 𝑡)
2

𝑖=1

where n = total number of observations, yi = FDS score at the ith observation, and t = time at the
ith observation.
Percent survival (PS) was determined from stand counts. The mean of the first, second,
and third repetitions post-flooding was used in this calculation as the number of plants post
flood. Stand count was taken before treatment when soybean were approximately 15 cm tall; also
three times after flooding in 2015 and twice in 2016. Percent survival was calculated as a
percentage of surviving plants:
𝑃𝑆 = (

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡𝑠 𝑝𝑜𝑠𝑡 𝑓𝑙𝑜𝑜𝑑
) 𝑥 100
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑒𝑟𝑔𝑒𝑑 𝑝𝑙𝑎𝑛𝑡𝑠

Leaf chlorophyll content (SPAD) was measured using a Konica Minolta SPAD meter
(Konica Minolta Sensing Europe B.V.). Prior to flooding, SPAD values were recorded on new,
healthy, and fully expanded leaves on the top canopy three times in each row. After flooding,
SPAD value measurements were repeated again three times per row. Three of the healthiest,
least damaged plants per row were chosen pre and post flood for measurement. Percent
reduction in SPAD was calculated as:
𝑝𝑜𝑠𝑡𝑓𝑙𝑜𝑜𝑑 𝑆𝑃𝐴𝐷
% 𝑆𝑃𝐴𝐷 = (
)−1
𝑝𝑟𝑒 − 𝑓𝑙𝑜𝑜𝑑 𝑆𝑃𝐴𝐷
Normalized difference vegetative index (NDVI) was measured using a Trimble
Greenseeker (Sunnyvale, CA). Measurements were made close to noon with the sensor held at
the same height over each row. The field of vision for the Greenseeker was approximately 10
inches wide according to the manufacturer’s manual when held at the recommended distance of
0.6 m over each canopy. Output ranges from 0 – 0.99, with soil ranging from 0.05 – 0.2.
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Reflectance was continuously measured and averaged over each individual row. Measurements
were made twice; once before and once after the flooding treatment at the same time of day with
full sun. The percentage reduction in NDVI (%NDVI) was calculated as:
𝑝𝑜𝑠𝑡𝑓𝑙𝑜𝑜𝑑 𝑁𝐷𝑉𝐼
%𝑁𝐷𝑉𝐼 = (
)−1
𝑝𝑟𝑒 − 𝑓𝑙𝑜𝑜𝑑 𝑁𝐷𝑉𝐼
Statistical Analysis
JMP and SAS (SAS Institute Inc., Cary, NC) software were used to evaluate phenotypic data. The
Shapiro-Wilk test with a significance level of 0.05 was used to test normality of the two site-years
and populations using JMP 12. PROC Mixed in SAS version 9.4 was used for the analysis of
variance (ANOVA) and for determining least square means (LSMeans) for single site-year and
two-year analyses. Single site year analyses were performed due to SPAD and NDVI only having
data for one site year, and also the presence of a significant genotype by year interaction in
WHB. Within the mixed procedure, genotype was treated as a fixed effect and replication and the
interaction of genotype and year as random effects. The two site-years were analyzed together
using the restricted maximum likelihood (REML) method to determine best linear unbiased
predictors (BLUPs) for QTL mapping. Broad-sense heritability (h2) was calculated for each trait
using TYPE3 sum of squares from the adjusted means, with the formula:
ℎ2 =

𝜎𝐺2
2
𝜎𝐺2 + 𝜎𝐺𝑌𝐼
+ 𝜎 2𝐸
𝑦

𝑦𝑟

2
where 𝜎𝐺2 , 𝜎𝐺𝑌𝐼
and 𝜎𝐸2 variances due to genotype, genotype-by-year, and error, respectively;

and y and r are the number of years (n=2) and replications (n=3), respectively. PROC CORR in
SAS and the multivariate analysis function in JMP 12 were both used for trait correlation
analysis.
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Marker Analysis and Genetic Map Construction
Three young, fully expanded leaves were punched per row in the field using a tissue punch and
each row represented one RIL. Samples were taken at the University of Arkansas Experiment
Station in Fayetteville during July 2016, and kept on ice in the field before being placed in a 80⁰C freezer. Deoxyribonucleic acid extraction and isolation were performed using the
cetylthrimethylammonium bromide (CTAB) buffer method (Kisha et al., 1997) with several
minor modifications. Before punching the leaves, two 3.9 mm stainless ball bearings were placed
in each 2- mL sample tube. Rather than grinding leaves with a mortar and pestle, the ball
bearings in each tube break up the leaves under oscillation, rupturing the cell walls. The samples
were oscillated using a Qiagen Retsch TissueLyser Mm301 (Hilden, Germany) for 60 seconds.
After oscillation, 750 µL of extraction buffer (2% CTAB, 100mM Tris-Cl, 20 mM
ethylenediaminetetraacetic acid (EDTA) pH 8.0, 1.4 M NaCl and 1% volume βmercaptoethanol) were added to each tube and incubated in a water bath at 65℃. After
incubating for 1 hour, 1 mL chloroform:isoamyl alcohol (24:1) was added to each tube. Samples
were then placed in a centrifuge for 10 minutes at 12,000 rotations per minute (RPM). The
supernatant was then transferred to another tube containing 95% ethanol. Pellets of DNA were
then washed in 1 mL 75% ethanol, dried overnight at room temperature, and dissolved into 200
µL nuclease-free water. In order to quantify the DNA after extraction, DNA was dissolved with
TE (a two component buffer solution containing Tris, a pH buffer, and EDTA) and the DNA
concentration was quantified via a NanoDrop ND-2000 1-Position spectrophotometer (Thermo
Scientific).
After retrieving the DNA samples from the -80⁰C freezer, they were placed in a cooler
with dry ice and shipped overnight to the genotyping core facility of Michigan State University,
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East Lansing, MI. The samples were then quantified on a Quant-iT Picogreen dsDNA assay
(Thermo Scientific) and analyzed on a SoySNP6k iSelect BeadChip (Illumina, San Diego, CA)
containing 5,361 SNPs. An Illumina iScan ReaderTM detected bead fluorescence and the allele
call for each SNP locus was analyzed using BeadStudioTM software 28 (Illumina, San Diego,
CA, v3.2.23). Due to several of the samples not having adequate concentrations of 200 ngµL-1,
99 samples from WHB and 64 samples from WHA were genotyped.
The 5,403 SNP data were run through a quality check in Microsoft Excel using VB
(Visual Basic) code (developed by Dr. Ainong Shi, personal communication). Allele frequency
at all loci were compared to the expected 1:1 allele ratios in a goodness-of-fit (chi-square)
analysis, which excluded non-polymorphic loci. Calculation of linkage maps was performed in
Joinmap 4.1 (Vooripps et al., 2003). Parameters used for construction of WHA were as follows:
independence logarithm of odds (LOD) score of 3 to 10, a recombination frequency of 0.5 to
0.05, linkage LOD ranging from 2 to 10, a Kosambi mapping function and maximum likelihood
(ML) mapping. WHB used similar parameters: independence LOD of 2 to 9, recombination
frequency from 0.5 to 0.15, linkage LOD of 2 to 10, a Kosambi mapping function and ML
mapping.
Ideally, population size would be larger for WHA and WHB; as population size
increases, the number of detected QTL increase. Also, small QTL effects are detected more
effectively in large populations. A small population size in mapping studies can lead to an
underestimate of QTL number, an overestimate of QTL effects, a lower quality linkage map, and
a failure to quantify interactions between QTL (Allison et al. 2002; Goring et al. 2001; Schon et
al. 2004).

40

Marker and loci position data on each chromosome were extracted from Joinmap and
modified for use in WinQTL Cartographer. WinQTL Cartographer 2.5 (Wang et al., 2007) was
used for composite interval mapping (CIM). Composite interval mapping was performed with a
walk speed of 1cM and a burn in rate of 1000 permutations with the Kosambi mapping function
that assumes some crossover interference. Other parameters included forward and backward
regression with a window size of 10cM and a significance level of 0.05. Quantitative trait loci
were identified with a minimum LOD of 3.0. MapChart (Voorrips, 2002) was used to produce
the LOD and R squared plots.
Results
Genetic variation for waterlogging tolerance
Normality tests using the Shapiro-Wilk statistic showed normal distributions for most traits
(Table 1). Exceptions included PS in both populations, which were skewed toward low plant
survival. Also, NDVI in WHB was skewed toward high percent reduction as the Shapiro-Wilk
statistic was below 0.05 (Table 1). In population WHA, the parental lines 5002T and 91210-350
had mean FDS of 6.89 and 8.11 in 2015, versus 5.5 and 5.67 in 2016, respectively (Table 2). In
population WHB, Osage and RA-452 had a mean FDS of 5.55 and 3.44 in 2015 and 4.66 and
5.83 in 2016, respectively. The parents followed a similar trend for PS, %NDVI, %SPAD and
AUFPC in response to flooding. In Stuttgart 2015, significant genotype variance (P ≤ 0.05) was
observed for %SPAD in the WHA population and for FDS, PS, %SPAD and AUFPC in the
WHB population (Table 2). In 2016, significant genotype variance was observed only in the
WHB population for % NDVI and AUFPC.
For the combined analysis, significant genotype variance was observed for FDS and PS
in WHA and FDS, PS and AUFPC for WHB (Table 3). Significant genotype by year interaction
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was observed for all traits measured in the WHB, but was not present in the WHA (Table 4).
High genotype by year interaction (GYI) resulted in lower heritability in the WHB (H2 = 0 to
0.12) compared to WHA (H2 = 0.35 to 0.47). The largest heritability was shown in the combined
analysis for PS in the WHA at H2 = 0.53, while the lowest was for PS in WHB at H2 = 0.0.
Despite the low heritability of PS in the WHB combined analysis, the single-year analysis
revealed heritability of PS to be H2 = 0.38 and 0.22 in 2015 and 2016, respectively. In the single
site year analyses, the highest heritability was for SPAD in WHB 2016 at H2 = 0.63 followed by
SPAD in WHA 2015 at H2 = 0.45. In the single-site-year analyses, instrument-measured traits
including NDVI and SPAD, had larger H2 compared to FDS and PS, indicating that data
measured by instruments would likely have more utility than visually scored traits for selection
of flood tolerant lines. However, neither NDVI nor SPAD were measured in both of the site
years, so it is not possible to calculate combined heritabilities with available data. In general, the
greatest portion of the overall variance (excluding residual) was due to environment, which held
true across both populations and traits (Table 4).
Trait correlations
In this study there was a strong correlation between FDS and AUFPC, which was expected given
that AUFPC was calculated from FDS scores. Correlations between traits in WHA ranged from a
high of r = -0.82 significant at the 0.0001 level between FDS and PS to a low, non-significant r =
0.04 between SPAD and NDVI (Table 5). WHB had similar correlations, but overall were
slightly lower compared to WHA. WHB ranged from a high of r = 0.76 between FDS and
AUFPC to a low of r = 0.04 between NDVI and AUFPC, neither of which were significant
(Table 8).
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Genetic map
The number of polymorphic markers differed between the populations, with 1,466 (27%) and
908 (17%) polymorphic and used to construct the WHA and WHB linkage maps, respectively.
A total of 45 and 46 linkage groups were generated for WHA and WHB, respectively, greater
than the 20 chromosomes present in soybean. Population WHA had a marker density of one
marker per 1.59 cM and covered a genetic distance of 1,157 cM. WHB had a genetic distance of
1,988.7 cM, resulting in a map density of one marker every 1.51 cM.
QTL Mapping
Using a LOD threshold of 3.0, 14 QTL were identified in the WHA population (Table 6). The
LOD scores ranged from 3.09 to 6.56 and explained 12 to 29% of phenotypic variance for the
measured traits. Quantitative trait loci were identified on soybean chromosomes 6,7,11, and 14.
Six QTL were located on chromosome 11, the most of any chromosome. Three of the QTL on
chromosome 11 had R2 values over 20%. Co-localization of QTL was observed for the traits PS
and FDS in 2015 and for AUFPC 15 and AUFPC 15_16. The majority of favorable alleles were
contributed by the parent 5002T.
Fifteen QTL were discovered in the WHB population, with LOD values ranging from
3.03 to 5.81 (Table 7). The phenotypic variance explained by the QTL ranged from R2 = 9 to
18%. QTL were located on seven chromosomes including 1, 3, 7,13,17,19, and 20. On
chromosome 7, a QTL associated with AUFPC 15_16 was identified in both the WHA and WHB
populations and across both years. The majority of the additional QTL were only identified in a
single site year, which further suggests a large environmental effect on determining soybean
flooding tolerance. Some of the environmental effect may be explained by a cooler average
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temperature and more days of precipitation during flood duration in 2015 compared to 2016
(Table 12).
Discussion
Genetic variation for waterlogging tolerance
Previous research has shown flooding injury score, a phenotypic score used by the University of
Missouri similar to FDS, to have a heritability of H2 = 0.50 across three site years (Ye et al.,
2017), similar to the results observed in this study (H2 = 0.46) for the WHA population. Carlin et
al. (2014) reported that heritability of injury score varied by site year and ranged from H2 =
0.098 to 0.525 within site-years and H2 = 0.289 across four site-years. A similar H2 was
observed for PS in WHA (H2 = 0.53) and a large correlation between PS and FDS suggests that
measurement of only one of these traits may be necessary. FDS and yield have been highly
correlated in past research by Wu et al. (2017b). Within site-years, both SPAD and NDVI had
higher heritability compared to other traits, indicating that in this experiment they were superior
at selecting tolerant lines in the field. Visual scoring is subjective to the individual that is rating
and the environmental conditions of the site. Additionally, SPAD and NDVI are much more
amenable to potential high-throughput phenotyping, which could allow for significant time and
labor cost savings.
Depending on the growth stage and flood duration, previous research has shown 5002T to
be both tolerant and susceptible. For example, Carlin (2014) rated 5002T as 0.30 for flooding at
V5 for 14 days duration and 7.6 the following year with the same flooding parameters and
location. Similarly, Carlin (2014) reported scores for RA 452, 91210-350, and Osage that were
not consistent across site years. In this study, mean FDS across the two years were lower for the
two parents assumed to be susceptible, 5002T and Osage. The two-year FDS mean of 5002T was
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5.9 compared with 7.6 for 91210-350. Likewise, FDS scored for the WHB parents were reported
as 3.44 for RA 452 and 5.61 for Osage. The susceptible parents also had greater PS, which
means that a greater percentage of plants in the susceptible parent plots survived the flooding
treatment.
Correlations
Correlations between greenhouse and field flooding studies were generally low and sometimes
negatively correlated (VanToai et al., 2010). However, Carlin (2014) reported a Pearson’s
correlation coefficient of r = 0.926 between field and greenhouse damage scores when additional
carbon dioxide was pumped into waterlogged topsoil in the greenhouse. Wu et al. (2017b)
reported larger correlation coefficients in field experiments between FDS and PS at r = 0.99. In
this experiment, the correlation coefficients for FDS and PS were r = -0.82 in WHA and r = -0.52
in WHB. Mokua (2015) calculated correlation coefficients between damage score and dead plant
percentage at r = 0.74 when flooded at V5 stage. This experiment reported PS as percent
surviving, which explains a similar coefficient as Mokua, but a negative correlation instead of
positive. Jitsuyama et al. (2015) reported correlation coefficients between waterlogging tolerance
index and dry root weight (r = 0.53), total root length (r = 0.65), and coarse root length (r =
0.86), demonstrating the importance of roots in flood stress tolerance. Similar correlations were
reported by Sakazono et al. (2014) who reported correlations between the rate of inhibition of
root dry weight with inhibition of total root length, root surface area, and mean root diameter of r
= 0.76, 0.082, and -0.75, respectively.
QTL analysis
Of the 14 QTL discovered in the WHA population, 12 were from the parent 5002T. In this
experiment, 5002T was rated as more tolerant than 91210-350 for all traits with the exception of
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NDVI. Carlin (2014) rated 5002T between 0.30 and 7.6, depending on the specific site-year and
growth stage that the flooding treatment was applied. The parent contributing the favorable allele
in WHB was the tolerant parent for 11 out of 15 QTL. The two site-year FDS means of 5002T,
91210-350, RA-452, and Osage were 5.95, 7.64, 3.44, and 5.61, respectively. In contrast to
previous research, 5002T was rated as being more flood tolerant than 91210-350. The parent
5002T also had greater PS and a lower % NDVI compared to 91210-350. This contradicts
previous research demonstrating the flooding tolerance of 91210-350 (Henshaw et al., 2007a;
Carlin, 2014; Reyna et al., 2003; Cornelious, 2005; VanToai et al., 1994). Potential reasons for
this unexpected outcome include variance components having large environmental and error
terms and very low genetic terms. Environmental terms include a myriad of factors, such as
temperature, soil type, and the temperature of the water flooding the plots. (Higher temp, faster
respiration). The temperature of the water during the flooding treatment seems to be particularly
important. During 2015, the treatment was prolonged by 3 days due to a thunderstorm cooling
ambient temperature, increasing cloud cover, and lowering damage to soybean. Plots were
planted late compared to when soybean are typically planted as well. Another potential factor
could be the pH level of the soil, which was quite low (4.6 – 5.1) and as a result nutrient
deficiencies could have been a factor. However, nutrient concentrations were not quantified.
Comparison to previous QTL
Rizal and Karki (2011) reported a QTL associated with alcohol dehydrogenase activity in
soybean under flooding stress located between 1 and 8 Mbp on chromosome 1. Two QTL
identified in WHB associated with FDS and AUFPC were located within the same region of
chromosome 1, near 2.7 Mbp (Table 10). Githiri et al. (2006) reported a QTL on chromosome 6
in the 13 to 45 Mbp region by comparing yield of flooded and non-flooded control plots. Two
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QTL associated with FDS and AUFPC in WHA were located on chromosome 6 at 18.7 Mbp. A
flooding tolerance gene was reported by Nguyen et al. (2012) at 28 Mbp on chromosome 13 and
was confirmed in WHB by two QTL associated with PS and NDVI. Nguyen used a visual score
rating on a 1-5 scale to and the QTL were also co-located with one root length QTL and one root
surface area QTL discovered by Nguyen et al. (2017). Recently, Ye et al. (2017) characterized
two genes for root architecture and plasticity during flooding through root measurements and
field injury. The candidate QTL, qWT_Gm03, was associated with auxin pathways and root
development. Quantitative trait locus qWT_Gm03 was located very close to Rps1 on
chromosome 3, which confers resistance to Phytophthora sojae and is present in the cultivar
Archer. The pedigree of cultivar 91210-350 includes Archer. However, 91210-350 was scored as
having a larger FDS and lower PS compared to the other parental line, 5002T. The only trait that
91210-350 had a superior rating compared to 5002T was NDVI, in which 91210-350 was
reduced by a lower percentage due to the flooding treatment.
Conclusions
Overall, a total of 29 QTL were reported with composite interval mapping (LOD ≥ 3.0) which
explained between 9 and 29% of the phenotypic variance. Five QTL were validated from
previous studies and include: qAas1 (Rizal and Karki 2011), ft1 (Githiri et al. 2006), FTS-13
(Nguyen et al. 2012), and Qrl-13 and Qrsa-13 (Nguyen et al. 2017) (Table 10). These QTL are
associated with flood-injury score, alcohol dehydrogenase content and root growth indices. The
remaining 24 QTL could be novel with no previous reports in these locations. The favorable
alleles were mainly contributed by the parent 91210-350 in WHA and RA 452 in WHB. Overall,
the existence of a genotype-by-year interaction impacts trait heritability and measurement of
flooding tolerance, a complex trait that is difficult to breed for under field conditions.
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Tables and Figures
Table 1. Shapiro-Wilk test for normality of traits
for Population WHA and WHB, 2015 and 2016.

Trait
FDSa

Population
WHA
WHB
0.09

0.47

<0.01

0.03

AUFPCc

0.07

0.32

SPADd

0.38

0.26

e

0.48

<0.01

PS

b

NDVI
a

Foliar damage score
Plant Survival
c
Area under flood progress curve
d
Soil plant analysis development
e
Normalized difference vegetative index
b
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Table 2. Single year analysis of flooding measurements for WHA and WHB
in Stuttgart, AR in 2015 and 2016.
Flooding Measurements
a
b
Source
FDS
PS (%) SPADc NDVI d AUFPCe
Population WHA
Stuttgart, 2015
5002T
6.9
8.9
38.8
50.5
91210-350
8.1
6.9
66.5
60.5
Mean
6.9
12.1
49
50.9
Minimum
1.5
0
8
10.5
Maximum
9
93.3
90.5
67.5
h2 f
0.01
0.07
0.45
0
Genotype (P-Value) 0.4791
0.3526
0.0009
0.7033
Stuttgart, 2016
5002T
5
43.6
61.3
21.5
91210-350
7.2
17.8
39.3
31.5
Mean
6
27.4
43.9
25.7
Minimum
4.2
12.5
64.5
9
Maximum
7.5
53.6
8.4
37.5
h2 f
0.1
0.11
0.15
0.15
Genotype (P-Value)
0.28
0.26
0.19
0.1997
Population WHB
Stuttgart, 2015
RA-452
3.4
48.6
44.3
25
Osage
5.6
14.4
28.3
39.5
Mean
5.2
33.1
39.6
38.2
Minimum
1.3
0
3
9
Maximum
9
95.6
74.7
67.5
h2 f
0.37
0.38
0.63
0.377
Genotype (P-Value) 0.0018
0.0009
<.0001
0.0016
Stuttgart, 2016
RA-452
6.7
17.2
38.2
30
Osage
5.7
34.4
59.1
25
Mean
5.6
37.2
49.8
24.8
Minimum
1.5
0
0
6
Maximum
8.5
93.8
77.3
37.5
h2 f
0.01
0.22
0.25
0.04
Genotype (P-Value) 0.4738
0.0598
0.0422
0.3925
a
Foliar damage score
b
Plant Survival
c
Soil plant analysis development
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d

Normalized difference vegetative index
Area under flood progress curve
f
Narrow sense heritability estimates for adjusted means; calculated as h2=
G2G 2+ σGYIy2 + σEyr2
e
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Table 3. Two year analysis of descriptive statistics and analysis of variance of foliar damage
score and percent survival for recombinant inbred line (RIL) populations grown under field
waterlogging conditions in Stuttgart AR, 2015-2016.
FDSa

Flooding Traits
PSb (%)

Source
(1-9)
Population WHA
Mean
6.4
19.8
Minimum
1.5
0.0
Maximum
9.0
95.2
h2
0.47
0.53
Geno (P-value)
0.02
0.00
Geno*year (P-value)
0.97
0.99
Population WHB
Mean
5.4
35.2
Minimum
1.3
0.0
Maximum
9.0
95.6
h2
0.12
0.00
Geno (P-value)
0.04
0.01
Geno*year (P-value)
0.01
0.00
a
Foliar damage score, 1 relating to no damage and 9 being completely dead
b
Plant survival
c
Area under flood progress curve
d
Narrow sense heritability, calculated as h2= G2G 2+ σGYIy2 + σEyr2
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AUFPCc
38.3
9.0
67.5
0.35
0.11
0.98
31.5
6.0
67.5
0.00
0.00
0.00

Table 4. Variance components of Pop. WHA and WHB,
grown under field conditions in Stuttgart, AR for 2015 and
2016.

H²

d

Variance component
Ge
Ef
GEIg
WHA Population

Residualh

FDSa

0.53

0.05

0.41

0

0.49

PSb

0.48

0.07

0.24

0

0.61

AUFPCc

0.35

0.01

0.77
0
WHB Population

0.2

FDSa

0.12

0.02

0.04

0.08

0.79

0

0

0

0.12

0.82

0

0

0.4

0.08

0.48

PS

b

AUFPC

c

a

Foliar damage score
Plant survival
c
Area under flood progress curve
d
Heritability
e
Genotype
f
Environment
g
Genotype x environment interaction
h
Error
b
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Table 5. Trait Correlations for WHA and WHB in combined 2015 and 2016 analysis.
Traits
Population
PS
SPAD
NDVI
AUFPC
FDSa
WHA
-0.83****
0.17***
0.41****
0.79****
WHB
PSb

SPADc

NDVId

-0.53****

0.20****

0.083*

0.77

WHA

-0.12**

-0.39****

-0.74****

WHB

-0.08*

-0.24****

-0.50****

WHA

0.04

0.12**

WHB

-0.09*

0.17****

WHA

0.23****

WHB

0.05

a

Foliar damage score
Plant survival
c
Area under flood progress curve
d
Normalized difference vegetative index
* Significant at the 0.05 probability level
** Significant at the 0.01 probability level
*** Significant at the 0.001 probability level
**** Significant at the 0.0001 probability level
b
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Table 6. Quantitative trait loci for flooding tolerance traits identified in the WHA
recombinant inbred line population derived from 5002T x 91210-350.
Ch

Position

b

c

LOD

AUFPC 16

6

0.91

Gm06_42308631_A_C

SPAD

6

Gm06_18766611_C_T

FDS 16

Gm07_2418465_A_G

AUFPC 16
AUFPC
15_16
PS 15_16
PS 16
PS 15
FDS 15
AUFPC 15
AUFPC
15_16
PS 15_16
NDVI

Nearest SNP a

Trait

Gm06_18766611_C_T

Gm07_3990308_A_G
Gm07_8488086_A_G
Gm07_8327392_G_A
Gm11_27896148_A_G
Gm11_27896148_A_G
Gm11_27347098_C_T
Gm11_27347098_C_T
Gm11_33034954_T_C
Gm14_10071491_C_T

d

R²

Favorable
allele

3.57

-1.58

0.2

91210-350

15.21

3.26

-4.11

0.2

91210-350

6

0.91

3.21

-0.33

0.1

91210-350

7

1.01

3.58

-1.68

0.2

91210-350

7

17.41

3.12

-1.64

0.1

91210-350

7
7
11
11
11

3.11
0.01
6.11
6.11
5.01

3.7
3.6
6.56
6.15
5.12

3.66
4.14
6.16
-0.54
-3.61

0.2
0.2
0.3
0.3
0.2

91210-350
91210-350
91210-350
91210-350
91210-350

11

5.01

3.54

-1.92

0.2

91210-350

11
14

1.01
12.11

3.09
4.89

3.33
-4.54

0.1
0.2

91210-350
91210-350

a

Additive

Denotes position of nearest marker based on the Williams 82 reference genome
(Wm82.a2.v1).
b
Chromosome number
c
Position of the QTL on the linkage group, in centiMorgans
d
Additive effect on the specific QTL
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Table 7. Quantitative trait loci for flooding tolerance traits identified in the WHB recombinant
inbred lines population derived from RA 453 x Osage.
Nearest SNP a

Trait

Chb

Positionc

LOD

Additived

R²

Favorable
allele

Gm01_2708722_C_T

FDS 15
AUFPC
15

1

32.91

3.73

0.47

0.1

RA 452

1

32.91

3.65

3.52

0.1

RA 452

Gm03_41605831_A_C

FDS 15

3

33.91

3.42

0.41

0.1

RA 452

Gm03_41605831_A_C

AUFPC
15

3

33.91

3.28

3.04

0.1

RA 452

Gm07_5763368_A_G

AUFPC
15_16

7

35.91

3.28

-1.59

0.1

Osage

Gm07_5763368_A_G

FDS
15_16

7

35.61

3.03

-0.22

0.1

Osage

Gm13_28041039_G_A

PS 16

13

0.01

4.65

-6.65

0.1

RA 452

Gm13_27601319_C_T

NDVI

13

2.91

3.71

3.66

0.1

RA 452

Gm17_12521600_G_T

AUFPC
16

17

0.01

5.81

1.72

0.2

RA 452

Gm17_12521600_G_T

FDS 16

17

0.01

3.99

0.32

0.1

RA 452

Gm19_45062248_T_C

SPAD

19

53.91

3.92

3.96

0.1

RA 452

Gm19_39433067_C_T

PS 15

19

7.81

3.68

6.5

0.1

Osage

Gm20_1673167_C_T

NDVI
AUFPC
15_16

20

4.01

3.15

-3.33

0.1

Osage

20

7.51

4.49

1.85

0.1

RA 452

20

5.71

3.35

0.24

0.1

RA 452

Gm01_2708722_C_T

Gm20_41663783_G_A
Gm20_40765691_G_A

FDS
15_16

a

Denotes position of nearest marker based on the Williams 82 reference genome
(Wm82.a2.v1).
b
Chromosome number
c

Position of the QTL on the linkage group, in centiMorgans

d

Additive effect on the specific QTL
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Table 8. Consecutive foliar damage score ratings for Population WHA and WHB, on a 1 - 9
scale a for 2015 and 2016.
2015
2016
Population WHA
Rating 1
Rating 2
Rating 3
Rating 1
Rating 2
91210-350
7.7
8.3
8.3
4.7
6.7
5002T
6.0
7.0
7.7
4.7
6.3
Population Mean
5.9
7.2
7.7
5.1
6.8
Population WHB
Osage
4.3
5.3
7.0
4.3
5.0
RA 452
2.3
4.0
4.0
5.3
6.3
Population Mean
4.6
5.3
5.8
5.3
6.0
a

1 = no damage, 9 = completely destroyed/dead
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Table 9a. Consistent RILs between two years of flooding treatment at the Rice Research
and Extension Center near Stuttgart, AR in 2015 and 2016 derived from 5002T x 91210350.
FDSa
FDSa
PSb
PSb
AUFPCc AUFPCc
Entry
SPADd NDVIe
2015
2016
2015
2016
15
16
63
7.4
7.7
8.7
13
8.2
7.5
2.2
5002T
6.9
5
8.9
91210-350
8.1
7.2
6.9
Mean
6.9
6
12.1
Minimum
4.9
4.2
0.7
Maximum
8.3
7.7
40.6
a
Foliar damage score
b
Plant survival
c
Area under flood progress curve
d
Soil plant analysis development
e
Normalized difference vegetative index

14.4
11.5
43.6
17.8
27.7
11.5
64.5
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55
61
50.5
60.5
50.9
34.5
62

33.5
33
21.5
31.5
25.8
17
33.5

37.9
48.3
38.8
66.5
49
26
68.2

48.4
40
61.3
39.3
56.4
33.3
77.2

Table 9b. Consistent RILs between two years of flooding treatment at the Rice Research
and Extension Center near Stuttgart, AR in 2015 and 2016 derived from RA 452 x Osage.
Entry

FDSa
2015

FDSa
2016

PSb
2015

64
2.8
4.3
66.7
96
2.9
4.3
41.1
100
3.9
4
22.2
47
6.1
6.5
12.9
63
7.3
6
9.2
RA 452
3.4
6.7
48.6
Osage
5.6
5.7
14.4
Mean
5.2
5.6
33.4
Minimum
2.2
3.8
2.6
Maximum
8.1
8
85.7
a
Foliar damage score
b
Plant survival
c
Area under flood progress curve
d
Soil plant analysis development
e
Normalized difference vegetative index

PSb
2016
61.5
37.8
46.4
15.2
25.6
17.2
34.4
36.3
0
81.3
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AUFPCc AUFPCc
SPADd
15
16
20.5
20.5
28
43.5
54
25
39.5
38.2
16.5
60

19.5
18.5
17.5
27.5
26
30
25
24.8
16.5
35.5

31.2
45.8
35.8
20.9
43.6
44.3
28.3
39.6
7.7
63.4

NDVIe
56.1
46.5
60.6
35.2
51.7
38.2
59.1
49.8
32
77

Table 10. Previously reported QTL confirmed by two RIL populations, WHA (91210-350 x 5002T) and WHB (Osage x RA 452)
QTL

qAas1

a

Nearest marker

Base pair of
nearest
marker

Name and base pair of
nearest WHA/WHB
SNP

Reference

Trait
associated b

Confirmed by
WHA/WHB
trait c

1

Satt353

7,729,201

Gm01_2708722_C_T

Rizal and Karki 2011

Alcohol
dehydrogenase
content

WHB, FDSd
and AUFPCe

WHA, SPADF

Ch

6

BARC-021425-04104

43,403,108

Gm06_42308631_A_C

Githiri et al. 2006

FTS13

13

BARC-024569-04982

28,161,002

Gm13_28041039_G_A,
Gm13_2760139_C_T

Nguyen et al. 2012

Flood injury
score

WHB, PSg 16
and NDVIh

Qrl-13

13

Satt663-Satt362

24,000,00032,000,000

Gm13_28041039_G_A,
Gm13_2760139_C_T

Nguyen et al. 2017

Root length
under flooding

WHB, PS 16
and NDVI

Qrsa13

13

Satt663-Satt362

24,000,00032,000,000

Gm13_28041039_G_A,
Gm13_2760139_C_T

Nugyen et al. 2017

Root surface
area under
flooding

WHB, PS 16
and NDVI
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ft1

Flood
tolerance
(yield
difference)

a

Denotes chromosome number

b

Trait measured from reference article

c

If no year mentioned, QTL confirmed in both years of data

d

Foliar damage score

e

Area under flood progress curve

f

Soil plant analysis development

g

Plant survival

h

Normalized difference vegetative index

Table 11. Soil report for eight randomly selected samples in field E2 at the Rice Research and Extension Center near Stuttgart, AR
analyzed at the University of Missouri soil testing lab in Columbia, Mo.
lb/A

Sample
no
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1
2
3
4
5
6
7
8

Electrical
Cation
conductivity exchange
pH
(Mmho/
capacity
cm)
(meq/100g)
4.5
4.7
4.8
4.8
5.1
4.5
4.7
4.4

53
87
132
150
163
132
109
145

6
6.2
8.4
9.5
8.4
8.5
8.9
9.4

ppm

Nitrate
in
topsoil
(ppm)

Organic
matter
(%)

P

K

Ca

Mg

S

Zn

Mn

Fe

Cu

2.1
4.1
1.4
5
1.8
5.4
0.9
4.7

1.2
1.2
1.4
1.2
1
1.4
1.4
1.3

52
33
78
63
68
66
113
60

195
175
303
336
319
387
474
407

879
1102
1267
1435
1434
1114
1218
1206

140
169
193
39
46.5
32.6
181
202

-

-

29.8
43
46.7
39
46.5
32.6
68.5
38.6

118.2
82
214.5
160.8
145.7
168.7
203.5
144.5

0.5
0.5
1
0.9
0.8
0.8
0.8
0.7

Table 12. Weather data during flood duration at the Rice Research and Extension Center near
Stuttgart, AR, planted in 2015 and 2016.

Year

Date

2015 14-Aug
15-Aug
16-Aug
17-Aug
18-Aug
19-Aug
20-Aug
21-Aug
22-Aug
23-Aug
24-Aug
25-Aug
2016 1-Aug
2-Aug
3-Aug
4-Aug
5-Aug
6-Aug
7-Aug
8-Aug
9-Aug

Temperature (°F)
Max
87
91
91
89
93
89
80
84
84
87
82
84
96
96
96
98
98
82
89
84
91

Avg
76
78
80
79
83
79
71
75
78
79
75
72
86
87
87
89
89
78
80
78
82

Min
64
64
69
69
73
69
62
66
73
71
66
59
75
78
78
80
80
75
71
73
73

Weather parameters
Humidity
Pressure (Hg)
(%)
Max
Min
Max
Min
88
43
30.15
30.06
88
43
30.11
30.02
88
43
30.11
29.98
88
49
30.05
29.91
88
46
29.92
29.76
94
58
29.97
29.8
94
45
30.06
29.97
89
62
30.08
29.99
94
66
30.05
29.92
94
55
30.06
29.93
83
48
30.14
30.03
88
37
30.16
30.04
89
44
30.08
29.99
83
44
30.1
30
83
47
30.05
29.94
79
42
29.99
29.91
79
47
29.98
29.9
89
70
30.01
29.9
89
58
29.98
29.9
89
70
29.99
29.87
94
55
29.98
29.9
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Precipitation
(in)
0
0
0
0
0.03
0.49
0
0
0.07
0.01
0
0
0
0
0
0
0
0.01
1.88
0.13
0

Figure 1. Field map of flood test near Stuttgart, AR at the Rice Research and Extension Center
(RREC) containing WHA and WHB planted in 2015 and 2016.
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Figure 2. WHA and WHB flooded for 3 days near Stuttgart, AR at the Rice Research and
Extension Center (RREC). Photograph: Wade Hummer.
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Figure 3. WHA and WHB drained after 12 day flood stress near Stuttgart, AR at the Rice
Research and Extension Center (RREC). Photograph: Wade Hummer.
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Figure 4. Measuring normalized difference vegetative index (NDVI) with Greenseeker and 0.6
meter string (highlighted by arrow). Photograph: Wade Hummer.
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Figure 5a. Example of foliar damage score (FDS) ratings on a 1-9 scale, 1 having no damage
and 9 being completely dead of three adjacent 3 m plots, each representing one recombinant
inbred line (RIL). Photograph: Wade Hummer.
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Figure 5b. Example of foliar damage score (FDS) ratings on a 1-9 scale, 1 having no damage
and 9 being completely dead of two adjacent 3 m plots, each representing one recombinant
inbred line (RIL). Photograph: Wade Hummer.
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Figure 6. Construction of levees in soybean flood test at the Rice Research and Extension Center
(RREC) near Stuttgart, AR designed to apply flooding treatment and drain at desired duration.
Photograph: Wade Hummer.
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Chapter III
Conclusions and Breeding Implications
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Overall Conclusions
Flooding tolerance is a complex trait with many factors involved: soil type, growth stage, water
height, water temperature, root rot, and gas concentrations to name a few. A total of five QTL
from previous research were validated, which included traits such as flood injury score, alcohol
dehydrogenase content, and root indices under flooding stress. Specifically, the validated QTL
include: ft1 on chromosome 1, qAas1 on chromosome 6, and FTS 13, Qrl – 13, and Qrsa – 13 on
chromosome 13. In addition, there were 24 QTL previously unreported that need validation in
order to be effectively used in MAS. With the exception of PS and NDVI for WHB, all other
traits had normal distributions suggesting that flooding tolerance is a quantitative trait with many
genes involved. Association mapping or genome wide association study (GWAS) may attain
better results by comparing historical recombination versus the limited recombination between
two bi-parental parents. Song et al. (2013) greatly increased the feasibility of GWAS or
association mapping by genotyping 19,562 accessions in the USDA Soybean Germplasm
Collection and made the genotypic data freely available on Soybase (USDA, ARS, Soybean
Genetics and Genomics Database). In addition, the lines were genotyped on the SoySNP50K
iSelect Beadchip, which enables construction of extremely dense and accurate linkage groups.
Lastly, many of the genotyped USDA accessions can be requested from the USDA through the
Germplasm Resource Information Network (GRIN). Another advantage of association mapping
and GWAS is there is no requirement for development of RILs, which can take several years.
Performing a GWAS with USDA germplasm would only require phenotypic data as 19,562 lines
are genotyped and the data are freely available at Soybase. Mitigating environmental effects
could be aided by controlled greenhouses for several key reasons: greenhouses can be kept at the
same temperature, humidity, and all plots can have the exact same soil or substrate. Effects of
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root-rot pathogens such as (Pythium, Phytophthora, and Rhizoctonia) could be reduced in
greenhouses and field with application of a fungicide seed treatment. Attention should also be
paid toward breeding tolerance into multiple growth stages as well. Just two days of flooding
reduces germination by 90% of treated and non-treated seed (Wu et al., 2017a). Development of
near isogenic lines (NILs) polymorphic at candidate QTL could be used to validate QTL along
with multiple site-years in both greenhouses and field environments.
Traits such as SPAD and NDVI are more amenable to high-throughput phenotyping, and
in this study showed greater heritability. Drones can be equipped with NDVI meters and other
tools for rapid and efficient data gathering. Foliar damage score is a useful metric, but FDS and
other human-measured traits can have a large variance from year to year due to human error. For
example, the two-year mean FDS of the two susceptible parent lines received lower FDS scores
and higher PS than the tolerant parents in this study. Plant introductions, and Glycine soja
specifically, must be scarified and generally have lower germination rates compared to Glycine
max. Yet, Glycine soja and specific PIs have shown less flooding damage than most modern
Glycine max cultivars (VanToai et al., 2010; Miura et al., 2012). Additionally, Mano and Omori
(2007) successfully used teosinte, the ancient progenitor of corn, as flood-tolerant germplasm.
Backcrossing flood-tolerant PIs to elite lines and screening with validated QTL is an
effective method to develop flood-tolerant, high-yielding, and adapted varieties. Use of
developing DNA transformation technologies such as clustered regularly interspaced short
palindromic repeats (CRISPR) and Cas9 offer promising, extremely site-specific gene
transformations. Another method to determine marker trait associations (MTAs) is QTL_seq, in
which transgressive segregants in an RIL population are sequenced by next generation
sequencing (NGS). It has the advantage of being relatively inexpensive as the whole population
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does not have to be genotyped. Further investigation is needed for research regarding water
temperature, pathogen virulence, root growth in flooded conditions, gas concentrations, plant
nutrition, and interactions between these variables.
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